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Abstract— The adsorption of chlorobenzene (CB)
from aqueous solutions using granular activated
carbon (GAC) of different particle sizes was studied
at temperatures from 283 to 303 K. Experimental
kinetic values were fitted to a hyperbolic expression,
which corresponds to the pseudo-second-order kinet-
ic model. The model predictions are satisfactory in
the whole range of particle sizes. Adsorption was
found to be governed by intraparticle diffusion. For
the adsorption system studied, mass transfer re-
sistance becomes low enough at particle sizes below
1.68 mm to allow an adequate intraparticle transport
of solute to the adsorption sites on sorbent surface.
Isotherm data were fitted to Langmuir, Freundlich
and Redlich-Peterson models. The equilibrium up-
take capacity increased with temperature, indicating
the endothermic nature of the process. The apparent
isosteric heat of adsorption was determined by
means of the Clausius—Clapeyron equation being in
the 88-288 kJ/mol range.

Keywords— Chlorobenzene, adsorption, activa-
ted carbon, kinetics.

I. INTRODUCTION

Chlorobenzene (CB) belongs to a group of ordinary
contaminants of water. It can be found in the effluents
of many industries such as dyestuff, pesticides and rub-
ber industries in which CB is commonly used solvent. It
causes an unpleasant taste and odor, even at low con-
centration (Environment Protection Agency, 1985) and
as other chlorinated benzenes it has carcinogenic ef-
fects in humans (Chowdhury and Viraraghavan, 2009),
so that in Spain guidelines on maximum allowable con-
centrations in drinking water are in the order of parts per
billion (Real Decreto, 2003)

Adsorbents such as activated carbon (AC) are wide-
ly used for the removal of aromatic compounds from
aqueous effluents in drinking water production, as well
as in the tertiary treatment of wastewater plants (Zhu et
al., 2011). Several cheaper adsorbents such as fly ash,
silica gel and clay materials have also been applied for
organic compound removal (Ahmed and Ram, 1992).
Although some studies illustrate the important need of
clay materials treated by chemical or physical processes
as adsorbents for the removal of organic pollutants and
pesticides from water (van den Heuvel and van Noort,
2004;Yapar et al., 2005), in general terms, it has been
reported that the uptake capacity of activated carbon is
effective for hydrophobic pollutants and poorly water
soluble compounds as chlorobenzene (Croue et al.,
1999). The high adsorption capacities of activated car-

bons are usually related to their high surface area, pore
volume, and porosity (Tsai et al., 2001).

Granular activated carbon (GAC) is being used as an
alternative to powered activated carbon because its use
in beds permits high adsorptive capacity and the process
control, allowing the filling of the column or the regen-
eration of exhausted activated carbon. Moreover, GAC
has excellent adsorption capacity for many undesirable
substances, specially odorous compounds or organic
compounds frequently present before finished water as
chlorinated benzenes. The adsorption of chlorinated
benzenes in liquid phase has been scarcely studied in
the literature, due to the difficulty of its analysis and its
volatility (Wang and Lee, 1998). It is well known that
the adsorption of these hydrocarbons takes place in
monolayer when activated carbon is used, whereas it
occurs as multilayer when resins are used (Gusler et al.,
1993). In a recent article, the adsorption of
chlorobenzene with powdered activated carbon was
studied at 25 °C considering the influence of two exper-
imental parameters, initial CB concentration and AC
dose (Lin et al., 2012). Data for aqueous CB adsorption
in GAC analyzing the influence of particle size were not
found in the open literature.

The objective of this work was to study the adsorp-
tion kinetics, equilibrium and thermodynamics of
chlorobenzene in aqueous solutions onto activated car-
bon of various particle sizes. The influence of adsorp-
tion temperature is a relevant issue, since adsorption
temperatures may significantly vary depending on the
source of wastewater, so the study was made at various
temperatures and the isosteric heat of adsorption was al-
so determined.

Il. METHODS

A. Materials

Activated carbon manufactured from lignite by
DARCO® (Sigma-Aldrich) was used in this study. Par-
ticle size varied in the range of 0.250 to 1.68 mm. Acti-
vated carbon was previously washed with distilled wa-
ter, dried in oven at 105 °C for 24 hours and then stored
in a desiccator. Textural properties were determined by
N, adsorption-desorption at 77 K. The measured values
of Brunauer-Emmett-Teller (BET) surface area and pore
volume were 600 m?%g and 0.95 cm®g, respectively.
Due to the low water solubility of chlorobenzene (ana-
Iytical grade, purity > 99%, UCB), stock solutions were
prepared in acetonitrile. Working solutions were pre-
pared by dilution of the stock solution. The quantifica-
tion of chlorobenzene was carried out by gas chroma-
tography with a flame ionization detector (FID).
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Table 1. Kinetic parameters of best fit for hyperbolic and intraparticle diffusion models.

Hyperbolic kinetic model

Intraparticle diffusion model

K min’! gm 8cB/8oAc APE (%) kamgep/(goacs™) Dym’/s APE (%)
d,, mm
0.25-0.35 0.154 0.0275 3.26 0.400 4.89-107 3.68
0.50-0.71 0.0479 0.0299 5.01 0.503 3.29-10° 5.82
0.86-1.68 0.0236 0.0321 9.32 0.465 1.48-10° 104
Co, gcp/l
0.42 0.0944 0.0310 2.32 0.607 1.84-10°° 4.63
0.36 0.0699 0.0320 3.11 0.529 1.39-10°° 6.28
0.23 0.0483 0.0241 6.24 0.426 1.66-10°° 2.00
Mass ratio, mgcg/ggac
0.106 0.0525 0.0309 7.60 0.671 5.24:10° 5.33
0.053 0.0539 0.0337 2.18 0.607 3.44-10°° 2.71
0.035 0.0867 0.0282 1.59 0.465 2.75-10°° 4.62
Mean value 4.51 5.05

Chlorobenzene was previously extracted by liquid-
liquid extraction with n-pentane. Method standard devi-
ation was below 10 %.

B. Equilibrium and kinetic studies

The equilibrium and kinetic experiments were carried
out by shaking batch technique. Activated carbon (dry
basis) was weighted and put into glass flasks. For equi-
librium experiments, 100 cm® of aqueous solutions of
different initial solute concentration were added and
placed in a stirred thermostatic bath (£ 0.10 °C). Sam-
ples were kept at different temperatures, in the range of
283 to 303 K. After the desired time of treatment, sam-
ples were filtered to remove the adsorbent.

Kinetic experiments were carried out using the same
procedure; using 250 cm® of solutions of initial concen-
trations in the range of 0.23 to 0.42 mg/I at 293 K. Max-
imum contact time was 120 min in every run. Aqueous
solutions were analyzed at different contact times, and
the concentration of CB on the adsorbent was calculated
based on mass balance:

V¢, -C

m
where V is the volume of the solution, m is the mass of
GAC used (g), and ; (9cs/9eac) and C; (gcp/l) are the
concentrations of CB on the adsorbent and in the liquid
phase at a time t (min), respectively.

I11. RESULTS AND DISCUSSION

A. Adsorption kinetics

There are several kinds of models to describe the ad-
sorption mechanisms and kinetics. A hyperbolic equa-
tion, previously used in the literature, was tested
(Cotoruelo et al., 2009; Cotoruelo et al., 2010). This
hyperbolic expression is a simplification of the pseudo-
second-order kinetic equation related to the available
sites on the adsorbent surface (Liu, 2008). Experimental
data were fitted by nonlinear regression to the following
expression:

q, =

_ kot
ot 1+kt )
where k is an empirical parameter related to the kinetic
curve shape (min™), and om (ges/geac) represents the
maximum (asymptotic) g, value under the experimental

conditions used. Consequently, if contact time is high
enough, g tends to qpm.

The values of the kinetic parameters of best fit are
listed in Table 1. The goodness of fit between the exper-
imental and predicted values was determined by means
of the average percentage errors (APE):

n

Z(qg,exp “Gepreaic ) Doy

APE =
N

where N is the number of cases.

Fig. 1 displays the effect of adsorbent particle size on
the adsorption time profile. The experimental results
(points) and hyperbolic model results (lines) are shown.
It is observed that model predictions are satisfactory in
the whole range of particle sizes.

The first adsorption stage corresponds to the surface
coverage of the largest pores and most active sites. The
second stage, with a lower adsorption rate, is related to
the coverage of narrow mesopores and micropores. It is
evident that an increase in particle size leads to a de-
crease in the adsorption rate. in the adsorption rate. This
is attributed to the greater accessibility to pores and
higher surface area per unit weight of the adsorbent, in
the case of the small particles.

Solid-liquid adsorption processes on porous materi-
als can be described by consecutive steps involving (i)
the mass transfer of the adsorbate from the liquid bulk
phase towards the surface of the solid particle across the
boundary layer, (ii) the internal diffusion within the par-
ticle, and (iii) the adsorption on particle surface. The
mass transport resistance inside the solid is usually
much more important than that corresponding to the ex-
ternal fluid film on solid particle and the external re-
sistance becomes negligible under suitable shaking con-
ditions.

So, the possibility of intraparticle diffusion to con-
trol the kinetics of adsorption was tested using the Eqg.

(4).

100 (3

q, =k, 1 +C 4)
where kg is the intraparticle diffusion constant and C; is
a constant (i.e. intercept of the line) that is directly pro-
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Fig. 1. CB adsorption profile for different adsorbent particle
sizes. m = 1.5 ggac, Co =0.2750 g/l.

portional to the boundary layer thickness. From the
intraparticle homogeneous diffusion model, diffusivity
values can be estimated as described by Eqg. (5).

(1/2)
D
e (27 o

where R is the adsorbent particle radius, g is the equi-
librium concentration of CB on the adsorbent surface,
and Dy is the intraparticle diffusivity.

The effect of particle size, initial concentration of
adsorbate and sorbent mass are illustrated in Fig. 2. The
intraparticle diffusion is the rate controlling factor, since
the uptake of the sorbate varies with the square root of
time and two or more steps occur (Walker et al., 2003).
Such type of plot presents a multilinearity. The first
stage is usually the sharpest and is related to the external
surface sorption or instantaneous sorption stage. Its con-
tribution to total mass transfer mechanism can be meas-
ured by the value of the intercept with the abscissa axis.

The second portion is the gradual sorption stage,
where intraparticle diffusion is rate-controlling. The fact
that the plots are not completely linear and do not pass
through the origin, indicates that intraparticle diffusion
is not the only mechanism involved.

The third portion of the curve is the final equilibrium
stage where intraparticle diffusion slows down due to
the reduction in the adsorbate concentration in the solu-
tion. The fact that the plots are not completely linear
and do not pass through the origin, indicates that
intraparticle diffusion is not the only mechanism in-
volved.

The linearity of the plots of g, versus t°° (Fig. 2) evi-
dences that intraparticle diffusion plays a significant
role in the uptake of CB. Measured regression coeffi-
cients are larger than 0.955. Values of intraparticle dif-
fusivity are summarized in Table 1.

The intraparticle diffusion coefficient (ky) remains
almost constant with an average value of 0.456 + 0.042
myce/(geac S°°) for every particle size tested (Fig. 2.a).
This suggests that for the adsorption system studied at
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particle sizes below 1.68 mm mass transfer resistance
becomes low enough to allow an adequate intraparticle
transport of solute to the adsorption sites on the surface
of the sorbent.

Fig. 2.b depicts the favorable effect of the initial
concentration of CB on adsorption kinetics. Intraparticle
diffusion coefficient values slightly increase with CB
initial concentration, which can be attributed to the
higher driving force for mass transfer. Measured aver-
age value for ky was 0.521 + 0.074 mgeg/(gsac S°°).
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Fig. 2. Intraparticle diffusion model for different adsorption
conditions. a) Particle size, m = 1.5 gGAC, C, = 0.27 ¢/l; b)
Initial CB concentration, m = 2.0 ggac, dp = 0.35-0.50 mm and
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c) Adsorbent mass. Eq. 4 fits: C, = 0.27 g/l, d, = 0.50-0.71
mm.
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Fig. 3. Experimental results of adsorption isotherms (points)
and those calculated with Redlich-Peterson model for different
temperatures and adsorbent particle sizes. a) 0.861-1.680 mm;
b) 0.5-0.71 mm; c) 0.250-0.355 mm.

From results depicted in Fig. 2.c it is observed that
when sorbent to solute mass ratio decreases, at constant
solute concentration, the intraparticle diffusivity coeffi-
cient significantly increases. Data summarized in Table
1 reveal a 44 % increase from 0.465 to 0.671
Mysce/(gac S°°). Ci values were in all cases close to ze-
ro, except for the lowest adsorbent dose (Fig. 2c), reveal-
ing the higher contribution under these conditions of
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other sorption mechanisms such as film diffusion or ad-
sorption onto available sites.

B. Adsorption equilibrium

The equilibrium concentrations of chlorobenzene on the
adsorbent surface (qe, 9ce/dsac) Were obtained after one
week of contact time. Previous experiments confirmed
the achievement of equilibrium. Concentration was de-
termined by mass balance as given by Eq. (1).

Figure 3 shows the experimental results of the ad-
sorption of CB in aqueous solution for different particle
sizes. It observed that all isotherms are concave with re-
spect to the axis of abscissas; that is to say, as the con-
centration of the adsorbate in the liquid phase is in-
creased, the concentration on the solid phase increases
more slowly. The adsorption system does not reach sat-
uration since the initial solute concentration is limited
by CB solubility (water solubility 0.488 g/l) which pre-
vents the preparation of more concentrated working so-
lutions.

Adsorption capacity is significantly increased with
temperature of solution indicating the process to be en-
dothermic in nature, which is consistent with studies in
the literature for similar adsorption systems (lriarte-
Velasco et al., 2011). An increase in temperature im-
proves the diffusivity of the molecules and, therefore,
their access to the pores of the adsorbent is favored.

Figure 3a shows that CB is strongly adsorbed onto
GAC at 303 K; for example, for the highest particle size
used, a solution containing only 5 mg/l CB produces an
equi librium loading of 135 mg CB per gram of GAC.
These values are well above those measured for CB by
other adsorbents, such as montmorillonite rich
bentonites (Sennour et al., 2009) which yielded uptake
capacities in the range of 5.8 to 44.4 mg/g.

Figure 3 also evidences that at low temperatures the
uptake capacity of the activated carbon increases as par-
ticle size decreases. However, at the smallest particle
size, the adsorption isotherms get closer; that is, the in-
fluence of temperature is attenuated. Experimental data
were fitted to the well-known Langmuir, Freundlich and
Redlich-Peterson (Redlich and Peterson, 1959) models,
Eqgs. 6 to 8, respectively

qukLCe
= 6
1 1+k,C, ©
q, =k,C; (7
AC,
e=1+Bcﬁ ®)

where g is the amount adsorbed in the equilibrium per
unit mass of the adsorbent (gce/dsac) and C is the so-
lute concentration in solution at equilibrium (gcg/L). In
Langmuir equation og_ is the monolayer capacity
(9ce/geac) and ki is the adsorption coefficient (L/ggcg),
related to the adsorption energy. Parameters n and kg (L"
gcs™" goacl) are constants. When the value of ke in-
creases, the capacity of adsorption of the adsorbent for a
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certain solute increases. Values in the range 0< n<1 rep-
resent favourable adsorption conditions. In Redlich-
Peterson equation A is the Redlich-Peterson isotherm

constant (L/gcg), B is another constant (L/gcg)?, and 4 is
the Redlich-Peterson exponent, which usually lies be-
tween 0 and 1.

Table 2. Parameters of best fit for Langmuir, Freundlich and Redlich-Peterson.

Langmuir Freundlich Redlich-Peterson
d, (mm) T ke, oL APE kg APE A B APE
K L/g ges/goac (%) L"ggep™" (%) goac! LVges (%)
0.861-1.68 303 102.1 0.363 7.96 1.0782 0.398 5.56 151.7 176.1 0.6800 5.12
293 6945 0310 8.45 0.6235 0.330 8.46 35.31 78.84 0.8352 8.19
283  66.08  0.287 1.59 04275 0232 2.54 17.66  64.10 1.022 1.62
0.500-0.71 303 7446  0.391 327 09159 0.361 2.99 147.5 179.9 0.6899 2.48
293 8899  0.405 3.01 0.8463 0.318 3.10 64.89 104.8 0.8246 1.23
283 109.2  0.329 4.11  0.8499 0.364 5.32 43.22 101.1 0.9056 3.67
0.25-0.355 303 4482  0.458 398 1.1548 0.434 6.73 14.5 114.0 1.5023 2.26
293 60.17  0.463 3.78 1.1208 0.392 5.31 3470  56.50 0.8841 3.81
Mean value 4.52 5.00 3.55

Table 3. Apparent isosteric heats of adsorption, calculated for
different temperature ranges. d,=0.5 — 0.71 mm.

283-293 K 293-303 K

q AH q AH
(9ce/9cac) (kJ/mol) (9ca/Yeac) (kJ/mol)
0.05 87.57 0.05 287.62
0.06 82.55 0.06 280.51
0.07 77.62 0.07 273.96
0.08 73.02 0.08 267.85
0.09 68.63 0.09 262.29
0.1 64.49 0.1 25719

Table 2 summarizes best-fit parameters obtained by
non-linear curve fitting analysis, as well as the average
percentage error (Eq. 3). The Freundlich exponent var-
ies between 0.23 and 0.43, which indicates favourable
adsorption for chlorobenzene (0<n< 1). kg values are
relatively low, especially at the lowest temperature of
283 K, which corresponds to sites of weak activity Val-
ues of Langmuir monolayer capacity (gm.) and
Freunlich constant (kg) increase with temperature, evi-
dencing the endothermic nature of the adsorption pro-
cess. The influence of temperature increases as particle
size is increased, while the increase in Freundlich con-
stant n with temperature can be explained by an increase
in the heterogeneity of available sites for adsorption.

The Redlich-Peterson model was found to fit the ex-
perimental data with the highest accuracy (minimum
mean APE) and was, therefore, chosen as the most suit-
able one. This model can be applied in a wide range of
CB concentrations. Redlich-Peterson fits are depicted in
Fig. 3, which shows the superposition of experimental
results (points) and the theoretical calculated data
(lines). The Redlich-Peterson equation has several prop-
erties which make it suitable for being used in many ad-
sorption systems. At low surface coverage it is reduced
to a linear isotherm. At high concentrations of adsorbate
it becomes the Freundlich isotherm, and for the special
case of B =0 it becomes the Langmuir isotherm. Data
showed in evidence that for particle sizes ranging from

0.50 to 1.68 mm, the values of B increase with tempera-
ture whereas for the smallest particle size the opposite
trend is observed.

C. Thermodynamic study

Apparent isosteric heat of adsorption (4Hs,) at constant
surface coverage q(g/g) for CB was calculated using the
Clausius—Clapeyron equation (Chang, 1998):

dInC, AH,

— st,a 9
dT RT? @)

where R is the ideal gas constant, C, (g/L) is the equilib-
rium concentration at T (K), and 4Hg, is the apparent
isosteric heat of adsorption (kJ/mol). For g constant,

_ RdInC,
Codr

For obtaining 4Hs,, the equilibrium concentration
(C.) at constant amount of adsorbate was obtained from
the adsorption isotherm data, and AHg, was calculated
from the slope of the InC, versus (1/T) plot for different
amounts chlorobenzene onto GAC. Table 3 shows the
calculated isosteric enthalpies AH , values at different
surface coverages as obtained from Eq. (10). The appar-
ent isosteric heat of adsorption in aqueous solutions,
AHg ,, is the resultant of the net isosteric heat of adsorp-
tion AHgne and the heat of solution AHg, of the
adsorbate in the solvent Standard heat of solution of
chlorobenzene in methanol is 0.71 kJ/mol (Korolev at
al., 2007), which will be next to standard heat of solu-
tion of chlorobenzene in water, because of
chlorobenzene do not contain terminal OH groups and
is unable to donate protons without rupture of the alco-
hol hydrogen bonds. So, 4Hq e Value should be almost
equal to 4Hg ,and it will be used in the following analy-
sis for both low temperature and high temperatures
ranges.

It was found that the isosteric heat of adsorption of
CB onto GAC was a function of surface coverage. Fig.
4 evidences that the heat of adsorption decreases with
the amount of CB adsorbed. This is a consequence of
the heterogeneous nature of the adsorbent surface, to-

(10)

st,a
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gether with the preferential occupation of the energeti-
cally more favorable active sites. The positive sign re-
veals it is an endothermic process, with values ranging
between 65-288 kJ/mol, which are within the typical
range of chemical adsorption.

350
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Figure 4. Dependence of the heat of adsorption with the

amount of solute adsorbed.

This endothermic nature is opposite to the effect of
temperature on the chemical adsorption of a single
component (e.g., a gas on a solid), because adsorption
from solution involves at least two components, a solute
and solvent. Adsorption from solution is influenced not
only by adsorbent-adsorbate interactions but also
adsorbate—solvent and adsorbent— solvent interactions
(Corkill et al., 1966)

The isosteric heat of adsorption increases with tem-
perature. This behavior may be due to the existence of a
kinetic energy barrier in the overall adsorption process.
Above a certain temperature it could be expected a
change of this trend. An temperature increase weakens
the hydrogen bonds formed among water molecules and
between water molecules and solute or adsorbent
(Terzyk, 2004), thus increases diffusion in pores
(Iriarte-Velasco et al., 2011). Consequently, a tempera-
ture increase promotes dehydration adsorption of mole-
cules CB, making them flat and there is an increase of
its dipole moment. The increase in planarity gives CB
molecules greater accessibility to the microporosity of
the AC, while the increase in dipolar moment results in
enhanced adsorbent—adsorbate interactions. As a result
of this process, CB adsorption could be apparently en-
dothermic.

Furthermore, the value of gm_k., being gm_ the
monolayer capacity and k the Langmuir constant, is re-
lated to adsorbate—adsorbent interactions. The value of
gmo-kL decreased from 35.9 at 283 K to 29.1 at 303 K
(particle size 0.5 to 0.70 mm), indicating that these in-
teractions decreased with temperature. This is in good
agreement with the rise in the absolute values of heat of
adsorption (endothermic) observed in this study.

IV. CONCLUSIONS
The adsorption of chlorobenzene onto GAC of different
particle size was studied at temperatures from 283 to
303 K. The experimental kinetic values were suitably

44:141-147 (2014)

fitted to a hyperbolic expression, which corresponds to
the pseudo-second-order kinetic model, as well as to the
intraparticle diffusion model. The intraparticle diffusion
was the rate controlling step, and the initial concentra-
tion of CB was the most significant parameter affecting
mass transfer coefficient.

Equilibrium data were fitted to Langmuir,
Freundlich and Redlich-Peterson models. The latter was
the most suitable one, given that it provides the best fit-
ting in a wide range of adsorption conditions. The equi-
librium uptake capacity increased with temperature, ev-
idencing the endothermic nature of this adsorption sys-
tem. The apparent isosteric heat of adsorption varied in
the range between 65-288 kJ/mol, which is within the
typical range of chemical adsorption. The absolute value
of the isosteric heat of adsorption decreased with sur-
face coverage and increased with adsorption tempera-
ture. The first trend can be explained by the heterogene-
ous nature of the adsorbent surface, together with the
preferential occupation of the energetically more favor-
able active sites. The second one is representative of a
weakening of adsorbate-solvent and adsorbent-solvent
interactions with temperature. The influence of adsorp-
tion temperature is a relevant issue, since adsorption
temperatures may significantly vary depending on the
source of wastewater.
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